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SciBooNE Data

• 2.52x1020 POT in total

• Neutrino: 0.99x1020 POT

• Antineutrino: 1.53x1020 POT

Number of Protons on target (POT)

!""!"

Results from full ν & ν̄ data set presented today
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• Data taking: Jun. 2007 - Aug. 2008
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ν Flux Prediction
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• <Eν> ~0.7 GeV
• 93% pure νµ beam

• νµ̄: ~6%
• νe + νē: < 0.1%

• <Eν> ~0.6 GeV
• 84% pure νµ̄ beam

• νµ: ~16%
• νe + νē: < 0.1%
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Neutrino event 
generator (NEUT)

6

• QE
• Llewellyn Smith, Smith-Moniz
• MA=1.2GeV/c2

• PF=217MeV/c, EB=27MeV
(for Carbon)

• Resonant π
• Rein-Sehgal (2007)
• MA=1.2 GeV/c2

• Coherent π
• Rein-Sehgal (2006)
• MA=1.0 GeV/c2

• DIS
• GRV98 PDF
• Bodek-Yang correction

• Intra-nucleus interactions
• Pion FSI & nucleon FSI

(e.g. pion absorption)

NEUT prediction (Carbon target)

SciBooNE Energy

CC/NC-π 
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Search for
ν CC coherent π+
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Signal & Background
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CC-coherent π
(ν+A→µ+A+π) 

CC-resonant π
 (ν+p→µ+p+π) 

Signal Background

ν

μ

π

nucleon
ν

π

μ

C

Predominant process in ~1GeV. 
Mainly through Δ resonance.

Nucleon signature differ event-topology of resonant-π from coh-π.
Fine granularity of SciBar allows to separate coh-π and resonant 
π production event-by-event.
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Technique to identify Coh-π 

9

• Separate CC coherent-π 
from CC resonant-π: 
• Identify recoil proton

• Resonant π has 
nucleon in final state

• No recoiled-nucleon in 
coherent π

• Low energy proton make 
an energy deposit around 
the vertex = vertex activity

Resonant π (MC)
µ 

π 

Coherent π (MC)

µ 
π 

: SciBar ADC hit (area∝energy deposit)

Tuesday, March 8, 2011



Technique to identify Coh-π 

9

μ

π+p12.5cm

• Separate CC coherent-π 
from CC resonant-π: 
• Identify recoil proton

• Resonant π has 
nucleon in final state

• No recoiled-nucleon in 
coherent π

• Low energy proton make 
an energy deposit around 
the vertex = vertex activity
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Technique to identify Coh-π 

9

μ

π+p12.5cm

• Separate CC coherent-π 
from CC resonant-π: 
• Identify recoil proton

• Resonant π has 
nucleon in final state

• No recoiled-nucleon in 
coherent π

• Low energy proton make 
an energy deposit around 
the vertex = vertex activity

Data deficit in small vertex activity region.
Tuesday, March 8, 2011



CC coherent pion sample
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<Eν>= 1.1 GeV <Eν>= 2.2 GeV K. Hiraide

➜ set upper limit
No evidence of CC coherent pion produc4on

MRD stopped sample MRD penetrated sample

Reconstructed Q2 Reconstructed Q2
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Upper limit on cross section

11

Measured upper limits on 
σ(CC coherent π)/σ(CC) 
raAos are converted to 
upper limits on absolute 
cross secAons by using 
σ(CC) predicted by MC 
simulaAon.

Rein-Sehgal
w/ lepton mass correction
(Our default model)

Alvarez-Ruso et al.

Kartavtsev et al.

SciBooNE 90% C.L.

After SciBooNE results, many (10+) new models of 
coherent-π production were proposed.

• SciBooNE’s upper limit at〈Eν〉=1.1GeV 
corresponds to ~33% of R&S model prediction
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NC π0 production
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NC π0 production
Signal & Background

• Signal:
• NC-π0 production
ν+C→ν+π0+X

• Background:
• CC-1π0 production
• External particles (e.g. n, γ)

• Neutrino interaction outside 
detector (“Dirt event”)

ν

ν

π0

γ 

e+e-

e+e-

γ 

 Two “shower-like” tracks (from π0)
 ~6% of total ν interactions (based on Rein-Sehgal model)

ν

μ

π0

CC-1π0: ν+C→µ+π0+X

13

• NC-π0 ≡ NC int. in which at least one π0 in the final state
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NC π0 production
Signal & Background

• Signal:
• NC-π0 production
ν+C→ν+π0+X

• Background:
• CC-1π0 production
• External particles (e.g. n, γ)

• Neutrino interaction outside 
detector (“Dirt event”)

ν

ν

π0

γ 

e+e-

e+e-

γ 

 Two “shower-like” tracks (from π0)
 ~6% of total ν interactions (based on Rein-Sehgal model)

SciBarDirt / wall

ν
ν/μ

π0→γγ γ

γ

13

• NC-π0 ≡ NC int. in which at least one π0 in the final state
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NC π0 candidate

• Require at least two tracks 
contained in SciBar+EC.

• No activity in MRD

• Event selection cuts designed 
to find particles of converted 
photons with π0 invariant mass

1. Internal BG rejection
(CC events)

2. External BG rejection
(particles from outside)

CHAPTER 2. EVENT SELECTION FOR NEUTRAL CURRENT π0 PRODUCTION

Figure 2.1: Event display of a typical NCπ0 event candidate in SciBooNE data. The
neutrino beam runs from left to right in this figure, encountering SciBar, the EC and
MRD, in that order. The circles on SciBar indicate ADC hits for which the area of the
circle is proportional to the energy deposition in that channel. This event display shows
the electromagnetic shower tracks from the pair conversions of the two π0 decay photons.

According to our MC simulation, 96% of NCπ0 events without any selection cuts have
a single π0 (85 % from a single π0 without any other mesons and 11 % from a single
π0 with charged mesons) and 4 % have two π0s. Any π0 emitted from the initial target
nucleus constitutes a signal event whether it is created from the neutrino vertex or final
state interactions. Events with a π0 produced in the neutrino interaction but absorbed
in the target nucleus are not included in the signal sample, nor are events in which π0s
are produced by secondary particles interacting with the detector scintillator outside the
target nucleus. We show the classification of the NCπ0 signal and non-signal in Figure 2.2.

We identify π0 by two reconstructed gamma rays. Hence, both of the two gamma
rays from π0 must be converted into e+e− pairs in SciBar to be identified as a π0 events.
However, since the length of SciBar in the beam direction is four radiation lengths, a
significant fraction of gamma rays escape from SciBar without conversion. In 30% of
events with a π0 emitted in the SciBar fiducial volume, both gamma rays convert in
SciBar; in 38%, only one gamma ray converts in SciBar; in 32%, neither gamma ray
converts in SciBar. Since we aim to reconstruct two gamma rays to identify the NCπ0

events, the maximum detection efficiency attainable is 30 %.

17
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CC event rejection (1)

• Identify muons

• Find muon decay (µ→e+2ν)

• Use SciBar TDC hits
• Calculate time difference 

between track edges and 
late TDC hits

• Require Δt < 100 ns

e+e-

e+e-

µ e

Muon lifetime

τμ=2.00 ± 0.05μs

15
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CC event rejection (1)

• Identify muons

• Find muon decay (µ→e+2ν)

• Use SciBar TDC hits
• Calculate time difference 

between track edges and 
late TDC hits

• Require Δt < 100 ns

e+e-

e+e-

µ e
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CHAPTER 2. EVENT SELECTION FOR NEUTRAL CURRENT π0 PRODUCTION

events with ∆tmax greater than 100 ns. By this cut, 31 % of the background events are
rejected. Meanwhile, the NCπ0 efficiency of this cut is 94 %.

Figure 2.13: Distribution of ∆tmax;The MC contribution from events with decay electrons
in SciBar, events without decay electrons in SciBar and dirt backgrounds, are shown
separately.

2.5.7 Track Disconnection Cut

Charged current events often have multiple tracks with a common vertex while 2γs
from π0 usually are isolated from each other. The distance between tracks is a good value
to separate the 2γ events from the charged current events. We define “minimum track
distance” as below

1. Select two tracks

2. Calculate 2D distances for all combination of edges of two tracks.

3. Repeat the same procedure for all combinations of two tracks. We have several 2D
distances.

4. Define the minimum one as a “minimum track distance”

Figure 2.14 shows the “ minimum track distance”. The contamination of charged current
events concentrates around zero. We reject events with the minimum track distance less
than 6 cm.

2.5.8 Electron Catcher Cut

Matched EC clusters are used to reject muons penetrating the EC. Two quantities
are used: the energy deposit in matched EC clusters in the upstream layer, E1, and
the ratio of energy deposits in the downstream EC cluster (E2) over the upstream EC

27

Time difference Δt
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CC event rejection (2)

• Track separation
• Photons have finite 

conversion distance
• (CC events: µ and p/π+- have 

common vertex)

• Require tracks be at 
least 6 cm apart.

• ➜ ~80% of CC events 
rejected.

M.O. Wascko                                                                                             Rutgers HEP Seminar

• Photons have finite 
conversion distance

• Require tracks be at 
least 6 cm apart

• ~4k events, 36% purity

Track Separation

36

!

!

NC π0 candidate

CC background
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simulation [34, 35].
To determine the angular distribution of a pion in the

final state, Rein’s method [36] is used for the P33(1232)
resonance. For other resonances, the directional distri-
bution of the generated pion is set to be isotropic in the
resonance rest frame. The angular distribution of π+

has been measured for νµp → µ−pπ+ [37] and the re-
sults agree well with NEUT’s prediction. Pauli blocking
is accounted for in the decay of the baryon resonance by
requiring the momentum of the nucleon to be larger than
the Fermi surface momentum. Pion-less ∆ decay is also
taken into account, where 20% of the events do not have a
pion and only the lepton and nucleon are generated [38].
The axial vector mass, MA, is set to be 1.21 GeV/c2.

D. Deep inelastic scattering

The cross section for deep inelastic scattering (DIS)
is calculated using the GRV98 parton distribution func-
tions [39]. Additionally, we have included the corrections
in the small Q2 region developed by Bodek and Yang [40].
In the calculation, the hadronic invariant mass, W , is
required to be larger than 1.3 GeV/c2. Also, the mul-
tiplicity of pions is restricted to be larger than or equal
to two for 1.3 < W < 2.0 GeV/c2, because single pion
production is already included in the simulation, as de-
scribed above. The multi-hadron final states are sim-
ulated with two models: a custom-made program [41]
for the event with W between 1.3 and 2.0 GeV/c2 and
PYTHIA/JETSET [42] for the events with W larger than
2 GeV/c2.

E. Intra-nuclear interactions

The intra-nuclear interactions of mesons and nucleons
produced in neutrino interactions in the nuclei are sim-
ulated. These interactions are treated using a cascade
model, and each of the particles is traced until it escapes
from the nucleus.

Among all the interactions of mesons and nucleons, the
interactions of pions are most important to this analysis.
The inelastic scattering, charge exchange and absorption
of pions in the nuclei are simulated. The interaction cross
sections of pions in the nuclei are calculated using the
model by Salcedo et al. [43], which agrees well with past
experimental data [44]. If inelastic scattering or charge
exchange occurs, the direction and momentum of pions
are determined by using results from a phase shift anal-
ysis of pion-nucleus scattering experiments [45]. When
calculating the pion scattering amplitude, Pauli blocking
is taken into account by requiring the nucleon momentum
after the interaction to be larger than the Fermi surface
momentum at the interaction point.

Re-interactions of the recoil protons and neutrons pro-
duced in neutrino interactions are also important, be-
cause the proton tracks are used to classify the neutrino

event type. Nucleon-nucleon interactions modify the out-
going nucleon’s momentum and direction. Both elastic
scattering and pion production are considered. In or-
der to simulate these interactions, a cascade model is
again used and the generated particles in the nucleus are
tracked using the same code as for the mesons.

No de-excitation gamma-ray from the carbon nucleus
is simulated when nuclear breakup occurs.

IV. NEUTRINO DETECTOR

The SciBooNE detector is located 100 m downstream
from the beryllium target on the axis of the beam. The
detector comprises three sub-detectors: a fully active and
finely segmented scintillator tracker (SciBar), an electro-
magnetic calorimeter (EC), and a muon range detector
(MRD).

A. Detector Description

Fig. 3 shows an event display of a typical muon neu-
trino charged current single charged pion event candi-
date. Detector coordinates are shown in the figure. Sci-
BooNE uses a right-handed Cartesian coordinate system
in which the z axis is the beam direction and the y axis
is the vertical upward direction. The origin is located
on the most upstream surface of SciBar in the z dimen-
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FIG. 3: Event display of a typical muon neutrino charged cur-
rent single charged pion event candidate in SciBooNE data.
The neutrino beam runs from left to right in this figure, en-
countering SciBar, the EC and MRD, in that order. The
circles on SciBar and the EC indicate ADC hits for which the
area of the circle is proportional to the energy deposition in
that channel. Filled boxes in the MRD show ADC hits in
time with the beam window.

µ

p/π+
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CC event rejection (2)

• Track separation
• Photons have finite 

conversion distance
• (CC events: µ and p/π+- have 

common vertex)

• Require tracks be at 
least 6 cm apart.

• ➜ ~80% of CC events 
rejected.
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• Photons have finite 
conversion distance

• Require tracks be at 
least 6 cm apart

• ~4k events, 36% purity

Track Separation
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!
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simulation [34, 35].
To determine the angular distribution of a pion in the
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FIG. 3: Event display of a typical muon neutrino charged cur-
rent single charged pion event candidate in SciBooNE data.
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Figure 2.14: Distribution of “minimum track distance” after decay electron rejection. The
right plot is a zoomed-out version of the left plot

cluster, REC = E2/E1. Since muons tend to penetrate more material than γs, the energy
deposit of muon at both upstream and downstream planes are close to each other while
γs stop in the short range after conversion with large energy deposit in the upstream
cluster. Figure 2.15 shows scatter plots between E1 and REC for muons and γs in the MC
simulation. The E1 and REC are defined event by event as described below.
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Figure 2.15: The 2D plots between the E1 and REC for γs (left) and muons (right). Events
without any tracks matched to EC clusters are not included in these plots.

1. For events without any tracks matched to EC clusters, both E1 and REC are left
undefined.

2. For events with tracks matched with both upstream and downstream EC clusters,

28

Track edge distance

Tuesday, March 8, 2011



External BG Rejection

• Reconstruct π0 vertex 
position

• Require photon tracks to 
point to a common vertex 
within SciBar.

π0 vertex
γ→

e+e-

SciBar

Z (beam direction)z=0

ex. Dirt event

10

FIG. 10: The distribution of the number of extended tracks
after the EC cut.

FIG. 11: The reconstructed z-vertices of π0s after the require-
ment of at least two extended tracks.

by taking the error weighted average of ztop and zside:

z =

ztop

δztop
2 + zside

δzside
2

1
δztop

2 + 1
δzside

2

, (3)

where δztop(side) is the error on ztop(side) returned by the
track reconstruction algorithm. Figure 11 shows the re-
constructed z-vertices of π0s. The vertex resolution is
approximately 12 cm for all three dimensions. Most
events with a π0 produced in SciBar yield a vertex within
SciBar—but many dirt events yield a vertex position up-
stream of SciBar—so we select events with reconstructed
π0 z-vertex greater than 0 cm.

FIG. 12: The reconstructed mass of π0s after the recon-
structed vertex position cut.

7. Reconstructed π0 Mass

Figure 12 shows the reconstructed mass of the π0 calcu-

lated as
√

2Erec
γ1 Erec

γ2 (1 − cos θrec), where Erec
γ1 and Erec

γ2 are

the reconstructed energies of the extended tracks (Erec
γ1 >

Erec
γ2 ) and θrec is the reconstructed angle between the ex-

tended tracks. The MC simulation describes well the tail
of the distribution, which is background-dominated. We
select events with 50 MeV/c2 < Mrec

π0 < 200 MeV/c2.
The peak value is smaller than the actual π0 mass (135
MeV) due to energy leakage of γs.

8. Event Selection Summary

Table II shows the number of events in data and the
MC at each event selection stage. The numbers for the
MC simulation are normalized to the number of MRD
stopped events. We select 657 events after all cuts. Sub-
tracting the estimated background of 240 events (202 in-
ternal and 38 external) yields 417 signal events. The MC
expectation is 368 events. The purity of NC π0 produc-
tion after all event selection cuts is estimated to be 61%
(40% from single π production via resonance decay, 15%
from coherent π production and 5% from neutrino deep
inelastic scattering). According to our MC simulation,
96% of selected NCπ0 events have one π0 (91 % from a
single π0 without any other mesons and 5 % from a sin-
gle π0 with charged mesons) and 4% have two π0s. The
efficiency for NCπ0 production, defined as:

εNCπ0 =
the number of selected NCπ0 events

the number of generated NCπ0 events
, (4)

is estimated to be 5.3%. The internal background, which
accounts for 33% of this sample, contains CC π0 produc-
tion including secondary π0s (18%), NC secondary π0

17

π0 vertex (z-position)
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NC π0 production
Cross-section

18

10

FIG. 10: The distribution of the number of extended tracks
after the EC cut.

FIG. 11: The reconstructed z-vertices of π0s after the require-
ment of at least two extended tracks.

by taking the error weighted average of ztop and zside:

z =
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2

1
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2 + 1
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2

, (3)

where δztop(side) is the error on ztop(side) returned by the
track reconstruction algorithm. Figure 11 shows the re-
constructed z-vertices of π0s. The vertex resolution is
approximately 12 cm for all three dimensions. Most
events with a π0 produced in SciBar yield a vertex within
SciBar—but many dirt events yield a vertex position up-
stream of SciBar—so we select events with reconstructed
π0 z-vertex greater than 0 cm.

FIG. 12: The reconstructed mass of π0s after the recon-
structed vertex position cut.

7. Reconstructed π0 Mass

Figure 12 shows the reconstructed mass of the π0 calcu-

lated as
√

2Erec
γ1 Erec

γ2 (1 − cos θrec), where Erec
γ1 and Erec

γ2 are

the reconstructed energies of the extended tracks (Erec
γ1 >

Erec
γ2 ) and θrec is the reconstructed angle between the ex-

tended tracks. The MC simulation describes well the tail
of the distribution, which is background-dominated. We
select events with 50 MeV/c2 < Mrec

π0 < 200 MeV/c2.
The peak value is smaller than the actual π0 mass (135
MeV) due to energy leakage of γs.

8. Event Selection Summary

Table II shows the number of events in data and the
MC at each event selection stage. The numbers for the
MC simulation are normalized to the number of MRD
stopped events. We select 657 events after all cuts. Sub-
tracting the estimated background of 240 events (202 in-
ternal and 38 external) yields 417 signal events. The MC
expectation is 368 events. The purity of NC π0 produc-
tion after all event selection cuts is estimated to be 61%
(40% from single π production via resonance decay, 15%
from coherent π production and 5% from neutrino deep
inelastic scattering). According to our MC simulation,
96% of selected NCπ0 events have one π0 (91 % from a
single π0 without any other mesons and 5 % from a sin-
gle π0 with charged mesons) and 4% have two π0s. The
efficiency for NCπ0 production, defined as:

εNCπ0 =
the number of selected NCπ0 events

the number of generated NCπ0 events
, (4)

is estimated to be 5.3%. The internal background, which
accounts for 33% of this sample, contains CC π0 produc-
tion including secondary π0s (18%), NC secondary π0

σ(NC-π0)
σ(CC) = [7.7 ± 0.5(stat.) ± 0.5 (sys.)] x 10-2

σ(NC-π0)
σ(CC) = 6.8 x 10-2cf. MC prediction:

Reconstructed Mγγ 
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π0 Kinematics
π0 kinematics are important for BG 
evaluation of νe appearance search.
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FIG. 21: The π0 momentum distribution after all corrections
described in the text, with statistical (error bars) and sys-
tematic (red boxes) uncertainties. The dashed line shows the
Monte Carlo expectation based on the Rein and Sehgal model.
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scribed in the text, with statistical (error bars) and systematic
(red boxes) uncertainties. The dashed line shows the Monte
Carlo expectation based on the Rein and Sehgal model.

The Erec
π0 (1 − cos θrec) distribution after the fitting is

shown in Fig. 23. The χ2 per degree of freedom (DOF),
before the fit is 12.0/20 = 0.60, and it is is 8.1/18 =
0.45 after the fit. The statistic error and all systematic
errors described in Sec. VA4 are included in the errors
of Rcoh and Rres. Without the systematic errors, we ob-
tain 0.79±0.30(stat.) and 1.24±0.13(stat.) for Rcoh and
Rres, respectively. The dominant systematic source is the
uncertainty of the gamma ray direction.
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FIG. 23: Erec

π
0 (1 − cos θrec) after fitting. The coherent con-

tribution and other NCπ0 are separately shown for the MC
simulation.

The ratio of the NC coherent π0 production to the total
CC cross sections from the MC prediction based on the
Rein and Sehgal model is 1.21 × 10−2. Hence, the cross
section ratios are measured to be:

σ(NCcohπ0)

σ(CC)
= Rcoh × 1.21 × 10−2,

= (0.94 ± 0.53)× 10−2, (14)

where Rcoh is 0.78±0.44. The mean neutrino energy for
NC coherent π0 events in the sample is estimated to be
1.0 GeV. This result is 1.8 standard deviations above the
no coherent production assumption and consistent with
the MC prediction based on the Rein and Sehgal model.

VI. CONCLUSIONS

In conclusion, we have observed the production of the
NCπ0 events by a muon neutrino beam on a polystyrene
target (C8H8) using the SciBooNE neutrino data set of
0.99 × 1020 protons on target. The ratio of the NCπ0

production to total CC cross sections is measured to
be (7.7 ± 0.5(stat.) ± 0.5(sys.)) × 10−2 at mean neu-
trino energy 1.1 GeV. The MC prediction based on the
Rein and Sehgal model [9] is 6.8 × 10−2. The measured
shapes of the π0 momentum and angular distributions,
as shown in Figures 21 and 22 agree with the MC pre-
diction within uncertainties. The ratio of NC coherent
π0production to the total CC cross section is measured
to be (0.9 ± 0.5 )× 10−2 based on the Rein and Sehgal
model [27], while the MC prediction is 1.21 × 10−2.
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before the fit is 12.0/20 = 0.60, and it is is 8.1/18 =
0.45 after the fit. The statistic error and all systematic
errors described in Sec. VA4 are included in the errors
of Rcoh and Rres. Without the systematic errors, we ob-
tain 0.79±0.30(stat.) and 1.24±0.13(stat.) for Rcoh and
Rres, respectively. The dominant systematic source is the
uncertainty of the gamma ray direction.
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The ratio of the NC coherent π0 production to the total
CC cross sections from the MC prediction based on the
Rein and Sehgal model is 1.21 × 10−2. Hence, the cross
section ratios are measured to be:

σ(NCcohπ0)

σ(CC)
= Rcoh × 1.21 × 10−2,

= (0.94 ± 0.53)× 10−2, (14)

where Rcoh is 0.78±0.44. The mean neutrino energy for
NC coherent π0 events in the sample is estimated to be
1.0 GeV. This result is 1.8 standard deviations above the
no coherent production assumption and consistent with
the MC prediction based on the Rein and Sehgal model.

VI. CONCLUSIONS

In conclusion, we have observed the production of the
NCπ0 events by a muon neutrino beam on a polystyrene
target (C8H8) using the SciBooNE neutrino data set of
0.99 × 1020 protons on target. The ratio of the NCπ0

production to total CC cross sections is measured to
be (7.7 ± 0.5(stat.) ± 0.5(sys.)) × 10−2 at mean neu-
trino energy 1.1 GeV. The MC prediction based on the
Rein and Sehgal model [9] is 6.8 × 10−2. The measured
shapes of the π0 momentum and angular distributions,
as shown in Figures 21 and 22 agree with the MC pre-
diction within uncertainties. The ratio of NC coherent
π0production to the total CC cross section is measured
to be (0.9 ± 0.5 )× 10−2 based on the Rein and Sehgal
model [27], while the MC prediction is 1.21 × 10−2.
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Extract NC coherent π0

: SciBar hit, area∝energy deposit 21

SciBar EC MRD

γ→e+e-

γ→e+e-

ν νNeutral Current Resonant π0 

has nucleon in final state ➜ 
(no nucleon in coherent π)

Recoiled proton!

 ν+p→ν+p+π0  
NC resonant π0

νμ

energy deposition greater than 2 MeV are considered to
have activity at the vertex. Note that incoherent pion
production with a neutron recoil leaves no vertex activity
unless the neutron kicks off protons in the region where we
search for the energy deposit. Based on our MC simulation,
the fraction of proton recoils in all incoherent !0 events is
reduced from 71% in the sample with vertex activity to
35% in the sample without vertex activity.

IV. DATA ANALYSIS

When a neutrino interacts with the entire nucleus, the
following relation should be satisfied:

1

jtj > R; (1)

where t and R are the four-momentum transfer to the target
nucleus from the neutrino and the radius of target nucleus,
respectively. This means that the cross section decreases
rapidly when 1=jtj become smaller than R. Using Eq. (1),
we can deduce

E!0ð1" cos"!0Þ< 1

R
$ 100 MeV; (2)

following Ref. [8]. In this equation, E!0 and "!0 are the !0

energy and direction with respect to the neutrino beam,
respectively. From this fact, we can determine the fraction
of coherent!0 production using the reconstructed!0 kine-
matic variable Erec

!0 ð1" cos"rec
!0 Þ, where Erec

!0 is the recon-

structed !0 energy calculated as the sum of the
reconstructed energies of two gamma ray candidates and
"rec
!0 is the reconstructed !0 direction with respect to the

neutrino beam axis.
We simultaneously fit two Erec

!0 ð1" cos"rec
!0 Þ distribu-

tions, with and without the vertex activity, with three
templates made by dividing the final MC sample into NC

coherent !0, NC resonant !0 and background samples.
Two parameters, Rcoh and Rinc scale the NC coherent !0

and NC incoherent !0 templates independently. The back-
ground sample is fixed to the value of the MC prediction
although the systematic errors on the background predic-
tion are taken into account. The expected number of events
in the i-th bin in the Erec

!0 ð1" cos"rec
!0 Þ distribution is ex-

pressed as

Nexp
i ¼ Rcoh & Ncoh

i þ Rinc & Ninc
i þ NBG

i : (3)

The fit minimizes the expression

#2 ¼ "2 ln
fðNobs;NexpÞ
fðNobs;NobsÞ ; (4)

where NobsðexpÞ represents the observed (expected) number

of events in all bins ðNobsðexpÞ
1 ; NobsðexpÞ

2 ; . . . ; NobsðexpÞ
N Þ and

fðNobs;NexpÞ is the Poisson likelihood to find Nobs events
whenNexp events are expected. When the systematic errors
for each bin and their correlation expressed with covari-
ance matrix Vjk (j; k ¼ 1; 2; . . . ; Nð¼ 39Þ)3 are given, the
likelihood is expressed as

fðNobs;Nexp;VÞ ¼ A
Z !!YN

i¼1

dxi
x
Nobs

i
i e"xi

Nobs
i !

"
exp

!
" 1

2

XN

j¼1

&
XN

k¼1

ðxj " Nexp
j ÞV"1

jk ðxk " Nexp
k Þ

""
;

(5)

where A is a normalization constant. The details of the
systematic errors and the calculation of the integral are
described in Ref. [7]. The result of the fit is

R coh ¼ 0:96( 0:20; (6)

R inc ¼ 1:24( 0:13: (7)

The Erec
!0 ð1" cos"rec

!0 Þ distribution after the fitting is shown

in Fig. 2. The #2 per degree of freedom, before the fit is
30:8=39 ¼ 0:79, and it is 26:6=37 ¼ 0:72 after the fit.
Figure 3 shows three contours corresponding to 68%,
90%, and 99% confidence level. The statistical error and
all systematic errors are included in the errors of Rcoh and
Rinc. Without the systematic errors, we obtain 0:98(
0:18ðstat:Þ and 1:19( 0:10ðstat:Þ for Rcoh and Rinc, respec-
tively. Hence, the uncertainty of the measurement is domi-
nated by the statistical uncertainty. Figs. 4 and 5 show the
distributions of the reconstructed !0 momentum and di-
rection with and without the vertex activity after fitting.
The ratio of the NC coherent !0 production to the total

CC cross sections from the MC prediction based on the
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FIG. 1 (color online). Vertex activity after all event selections:
the contribution from NC coherent !0, incoherent NC !0 with
recoil neutrons, incoherent NC !0 with recoil protons, internal
backgrounds with a !0 in the final state, internal background
without a !0 in the final state and ‘‘dirt’’ background events are
shown separately for the MC simulation.

3The total number of bins for the two distributions is 40, and
there is one bin without entries. We do not include the empty bin
in the fit.
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NC Coherent π0

cross section

22

NC π0 with vertex 
activity sample

NC coherent π sample
(no vertex activity)

Rein and Sehgal model is 1:21! 10"2. Hence, the cross
section ratios are measured to be

!ðNCcoh"0Þ
!ðCCÞ ¼ Rcoh !

!ðNCcoh"0ÞMC

!ðCCÞMC
;

¼ Rcoh ! 1:21! 10"2;

¼ ð1:16& 0:24Þ ! 10"2; (8)

where Rcoh is 0:96& 0:20. The mean neutrino energy for
NC coherent "0 events in the sample is estimated4 to be
0.8 GeV. The fractional error of this cross section ratio is
21% while the previous result’s fractional error is 60%
(ð0:68& 0:41Þ ! 10"2). Hence, the result has been im-
proved by a factor of 3 with the new analysis using vertex
activity. This result is 5.8 standard deviations above the no
coherent production assumption. The measured cross sec-
tion is also consistent with the MC prediction based on the
Rein and Sehgal model [4]. The result is evidence of non-
zero coherent pion production via neutral current interac-
tions at mean neutrino energy 0.8 GeV.
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FIG. 3. The contours corresponding to 68%, 90%, and 99%
confidence level for the fitted values of the scaling parameters;
the number of degrees of freedom is 2.
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FIG. 2 (color online). The Erec
"0 ð1" cos#rec

"0 Þ distributions after
fitting with (top) and without (bottom) vertex activity.
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FIG. 4 (color online). Reconstructed "0 momentum distribu-
tions after fitting with the vertex activity (top) and without vertex
activity (bottom).

4In the previous paper [7], the mean neutrino energy was
1.0 GeV despite using the same event sample as this paper.
This is due to a different definition of average neutrino energy. In
the previous paper, we used mean neutrino energy of all events
passing the selection cuts in the MC simulation while, in this
paper, we divide the selected neutrino energy distribution by the
coherent cross section for each neutrino energy bin before
calculating the average of the distribution. The latter method
matches SciBooNE’s CC coherent result [3]
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0.8 GeV. The fractional error of this cross section ratio is
21% while the previous result’s fractional error is 60%
(ð0:68& 0:41Þ ! 10"2). Hence, the result has been im-
proved by a factor of 3 with the new analysis using vertex
activity. This result is 5.8 standard deviations above the no
coherent production assumption. The measured cross sec-
tion is also consistent with the MC prediction based on the
Rein and Sehgal model [4]. The result is evidence of non-
zero coherent pion production via neutral current interac-
tions at mean neutrino energy 0.8 GeV.
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4In the previous paper [7], the mean neutrino energy was
1.0 GeV despite using the same event sample as this paper.
This is due to a different definition of average neutrino energy. In
the previous paper, we used mean neutrino energy of all events
passing the selection cuts in the MC simulation while, in this
paper, we divide the selected neutrino energy distribution by the
coherent cross section for each neutrino energy bin before
calculating the average of the distribution. The latter method
matches SciBooNE’s CC coherent result [3]

Y. KURIMOTO et al. PHYSICAL REVIEW D 81, 111102(R) (2010)

RAPID COMMUNICATIONS

111102-4

Clear evidence of NC coherent pion producAon.

cf. NEUT prediction based on Rein-Sehgal model:
σ(NCcohπ0)/σ(CC) = 1.21x10-2

σ(NCcohπ0)

σ(CC)
= (1.16± 0.24)× 10−2
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ν̄ CC coherent π production
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Solid line: Rein-Sehgal model
Dotted line: Bel’kov-Kopeliovich

• ν ̄mode is more sensitive to CC  
coh-π events than ν mode
• σ(ν coh-π) ~ σ(ν ̄coh-π)

        while σ(νCC-bkg) > σ(νC̄C-bkg)

• Mirror analysis of SciBooNE’s ν 
mode CC coh-π search

• Same selection criteria, (almost) 
same method to evaluate 
background events

• Major difference: large fraction of 
Wong-Sign (WS) components in 
ν ̄mode beam.
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Wrong-Sign contribution

!!µ

!µ

!! beam at SciBooNE

6

Large fraction of neutrino (wrong sign) background.

!!µ: ~84%, !µ: ~16%, !e+!!e <1%

(cf. ! mode: !µ 93%)
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!!µ : ~63%

!µ : ~36%
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• νµ̄ 84%
• νµ: ~16%

ν ̄mode flux Rate: [flux] x [σ]

• νµ̄ :~63%
• νµ :~36%

WS components contribute to both signal (CC coh-π)
and background events
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Event selection
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Background evaluation
• Tune the MC, constraining systematic uncertainties 

due to ν interaction model, beam prediction and 
detector response.

• ➜ Evaluate background with the tuned MC
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Fit Method & Fit Parameters

• R2tr/1trk: migration parameter between [1trk]-[2trk] samples
• Rp/π: migration param. between [μ+p]-[μ+π] samples
• Ract: migration param. between [with activity]-[w/o activity]
• Rres: scale factor for resonant-π
• Rother: scale factor for “other” (≡ multi-π, DIS, EC/MRD)
• Rpscale: momentum scale
• Rnorm: overall normalization -- no constrained
• kappa: only for QE
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FIG. 9: (Color online) Maximum deposited energy in a strip
around the vertex for the µ + π events. The MC distribution
shown here is before tuning.

E. Tuning the Monte Carlo Simulation

The MC simulation includes systematic uncertainties
due to the detector response, nuclear effects, neutrino
interaction models, and neutrino beam spectrum, and
these uncertainties affect background estimation. The
sources of systematic uncertainty are summarized in Sec-
tion VII B. In order to constrain these uncertainties, the
MC distributions of the square of the four-momentum
transfer (Q2) are fitted to the distributions of the four
aforementioned data samples. The reconstructed Q2 is
calculated as

Q2
rec = 2Erec

ν (Eµ − pµ cos θµ) − m2
µ (3)

where Erec
ν is the reconstructed neutrino energy calcu-

lated by assuming charged current quasi-elastic kinemat-
ics,

Erec
ν =

1

2

(m2
p − m2

µ) − (mn − V )2 + 2Eµ(mn − V )

(mn − V ) − Eµ + pµ cos θµ
(4)

where mp and mn are the mass of proton and neutron,
respectively, and V is the nuclear potential, which is set
to 27 MeV. The one track events, µ+p events, and µ+π
events with and without vertex activity are fit simulta-
neously. Each Q2

rec distribution is fit in bins of width
0.05 (GeV/c)2 up to 1 (GeV/c)2.

We introduce eight fitting parameters; the normaliza-
tion factor of the MRD stopped sample (Rnorm), the res-
onant pion scale factor (Rres), the scale factor of other
non-QE interactions (Rother), the ratio of the number
of two track events to the number of one track events
(R2trk/1trk), the ratio of the number of µ + p events to
the number of µ+π events (Rp/π), the ratio of the number
of low vertex activity µ+π events to the number of high
vertex activity µ+π events (Ract), the muon momentum

scale (Rpscale), and a charged current quasi-elastic Pauli-
suppression parameter κ. All parameters are ratios to
nominal values in the MC simulation, i.e. all parameters
are set to 1 in the default MC simulation.

The parameters R2trk/1trk, Rp/π, and Ract represent
possible migrations between subsamples due to system-
atic uncertainties. The parameter Rpscale changes the
scale of the reconstructed muon momentum for the MC
simulation. The parameter κ, which was first intro-
duced by MiniBooNE [32], controls the strength of Pauli-
blocking and thus suppresses low Q2 charged current
quasi-elastic events. We employ this parameter in the
fitting because a deficit of data is found at low Q2 in the
one track sample where the charged current quasi-elastic
interaction is dominant.

The χ2 function to be minimized is given by:

χ2 = χ2
dist + χ2

sys. (5)

The term χ2
dist is calculated using a binned likelihood

defined as [53]:

χ2
dist = −2

∑

i, j

ln
P (Nobs

ij ; N exp
ij )

P (Nobs
ij ; Nobs

ij )

= 2
∑

i, j

(

N exp
ij − Nobs

ij + Nobs
ij × ln

Nobs
ij

N exp
ij

)

(6)

where P (n, ν) = νne−ν/n! is the Poisson probability of
finding n events with a expectation value ν, Nobs

ij and
N exp

ij are the observed and expected number of events

in the i-th Q2 bin in subsample j (j =one track, µ + p,
µ + π with high and low vertex activity), respectively.
The expected number of events for each sample is given
by:

N exp
i, 1trk = Rnorm

·
[

nQE
i,1trk + Rresn

res
i,1trk + Rothern

other
i,1trk

]

(7)

N exp
i, µp = Rnorm · R2trk/1trk · Rp/π

·
[

nQE
i,µp + Rresn

res
i,µp + Rothern

other
i,µp

]

(8)

N exp
i, µπH = Rnorm · R2trk/1trk

·
[

nQE
i,µπH + Rresn

res
i,µπH + Rothern

other
i,µπH

]

(9)

N exp
i, µπL = Rnorm · R2trk/1trk · Ract

·
[

nQE
i,µπL + Rresn

res
i,µπL + Rothern

other
i,µπL

]

(10)

where nQE
i, j, nres

i, j , nother
i, j are the number of charged cur-

rent quasi-elastic, charged current resonant pion, and
other events in each bin in each subsample, respectively.
Rpscale and κ do not appear explicitly in these equa-
tions, but Rpscale causes migration between Q2 bins and

κ changes nQE
i, j .
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FIG. 9: (Color online) Maximum deposited energy in a strip
around the vertex for the µ + π events. The MC distribution
shown here is before tuning.

E. Tuning the Monte Carlo Simulation

The MC simulation includes systematic uncertainties
due to the detector response, nuclear effects, neutrino
interaction models, and neutrino beam spectrum, and
these uncertainties affect background estimation. The
sources of systematic uncertainty are summarized in Sec-
tion VII B. In order to constrain these uncertainties, the
MC distributions of the square of the four-momentum
transfer (Q2) are fitted to the distributions of the four
aforementioned data samples. The reconstructed Q2 is
calculated as

Q2
rec = 2Erec

ν (Eµ − pµ cos θµ) − m2
µ (3)

where Erec
ν is the reconstructed neutrino energy calcu-

lated by assuming charged current quasi-elastic kinemat-
ics,

Erec
ν =

1

2

(m2
p − m2

µ) − (mn − V )2 + 2Eµ(mn − V )

(mn − V ) − Eµ + pµ cos θµ
(4)

where mp and mn are the mass of proton and neutron,
respectively, and V is the nuclear potential, which is set
to 27 MeV. The one track events, µ+p events, and µ+π
events with and without vertex activity are fit simulta-
neously. Each Q2

rec distribution is fit in bins of width
0.05 (GeV/c)2 up to 1 (GeV/c)2.

We introduce eight fitting parameters; the normaliza-
tion factor of the MRD stopped sample (Rnorm), the res-
onant pion scale factor (Rres), the scale factor of other
non-QE interactions (Rother), the ratio of the number
of two track events to the number of one track events
(R2trk/1trk), the ratio of the number of µ + p events to
the number of µ+π events (Rp/π), the ratio of the number
of low vertex activity µ+π events to the number of high
vertex activity µ+π events (Ract), the muon momentum

scale (Rpscale), and a charged current quasi-elastic Pauli-
suppression parameter κ. All parameters are ratios to
nominal values in the MC simulation, i.e. all parameters
are set to 1 in the default MC simulation.

The parameters R2trk/1trk, Rp/π, and Ract represent
possible migrations between subsamples due to system-
atic uncertainties. The parameter Rpscale changes the
scale of the reconstructed muon momentum for the MC
simulation. The parameter κ, which was first intro-
duced by MiniBooNE [32], controls the strength of Pauli-
blocking and thus suppresses low Q2 charged current
quasi-elastic events. We employ this parameter in the
fitting because a deficit of data is found at low Q2 in the
one track sample where the charged current quasi-elastic
interaction is dominant.

The χ2 function to be minimized is given by:

χ2 = χ2
dist + χ2

sys. (5)

The term χ2
dist is calculated using a binned likelihood

defined as [53]:

χ2
dist = −2

∑

i, j

ln
P (Nobs

ij ; N exp
ij )

P (Nobs
ij ; Nobs

ij )

= 2
∑

i, j

(

N exp
ij − Nobs

ij + Nobs
ij × ln

Nobs
ij

N exp
ij

)

(6)

where P (n, ν) = νne−ν/n! is the Poisson probability of
finding n events with a expectation value ν, Nobs

ij and
N exp

ij are the observed and expected number of events

in the i-th Q2 bin in subsample j (j =one track, µ + p,
µ + π with high and low vertex activity), respectively.
The expected number of events for each sample is given
by:

N exp
i, 1trk = Rnorm

·
[

nQE
i,1trk + Rresn

res
i,1trk + Rothern

other
i,1trk

]

(7)

N exp
i, µp = Rnorm · R2trk/1trk · Rp/π

·
[

nQE
i,µp + Rresn

res
i,µp + Rothern

other
i,µp

]

(8)

N exp
i, µπH = Rnorm · R2trk/1trk

·
[

nQE
i,µπH + Rresn

res
i,µπH + Rothern

other
i,µπH

]

(9)

N exp
i, µπL = Rnorm · R2trk/1trk · Ract

·
[

nQE
i,µπL + Rresn

res
i,µπL + Rothern

other
i,µπL

]

(10)

where nQE
i, j, nres

i, j , nother
i, j are the number of charged cur-

rent quasi-elastic, charged current resonant pion, and
other events in each bin in each subsample, respectively.
Rpscale and κ do not appear explicitly in these equa-
tions, but Rpscale causes migration between Q2 bins and

κ changes nQE
i, j .
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FIG. 9: (Color online) Maximum deposited energy in a strip
around the vertex for the µ + π events. The MC distribution
shown here is before tuning.

E. Tuning the Monte Carlo Simulation

The MC simulation includes systematic uncertainties
due to the detector response, nuclear effects, neutrino
interaction models, and neutrino beam spectrum, and
these uncertainties affect background estimation. The
sources of systematic uncertainty are summarized in Sec-
tion VII B. In order to constrain these uncertainties, the
MC distributions of the square of the four-momentum
transfer (Q2) are fitted to the distributions of the four
aforementioned data samples. The reconstructed Q2 is
calculated as

Q2
rec = 2Erec

ν (Eµ − pµ cos θµ) − m2
µ (3)

where Erec
ν is the reconstructed neutrino energy calcu-

lated by assuming charged current quasi-elastic kinemat-
ics,

Erec
ν =

1

2

(m2
p − m2

µ) − (mn − V )2 + 2Eµ(mn − V )

(mn − V ) − Eµ + pµ cos θµ
(4)

where mp and mn are the mass of proton and neutron,
respectively, and V is the nuclear potential, which is set
to 27 MeV. The one track events, µ+p events, and µ+π
events with and without vertex activity are fit simulta-
neously. Each Q2

rec distribution is fit in bins of width
0.05 (GeV/c)2 up to 1 (GeV/c)2.

We introduce eight fitting parameters; the normaliza-
tion factor of the MRD stopped sample (Rnorm), the res-
onant pion scale factor (Rres), the scale factor of other
non-QE interactions (Rother), the ratio of the number
of two track events to the number of one track events
(R2trk/1trk), the ratio of the number of µ + p events to
the number of µ+π events (Rp/π), the ratio of the number
of low vertex activity µ+π events to the number of high
vertex activity µ+π events (Ract), the muon momentum

scale (Rpscale), and a charged current quasi-elastic Pauli-
suppression parameter κ. All parameters are ratios to
nominal values in the MC simulation, i.e. all parameters
are set to 1 in the default MC simulation.

The parameters R2trk/1trk, Rp/π, and Ract represent
possible migrations between subsamples due to system-
atic uncertainties. The parameter Rpscale changes the
scale of the reconstructed muon momentum for the MC
simulation. The parameter κ, which was first intro-
duced by MiniBooNE [32], controls the strength of Pauli-
blocking and thus suppresses low Q2 charged current
quasi-elastic events. We employ this parameter in the
fitting because a deficit of data is found at low Q2 in the
one track sample where the charged current quasi-elastic
interaction is dominant.

The χ2 function to be minimized is given by:

χ2 = χ2
dist + χ2

sys. (5)

The term χ2
dist is calculated using a binned likelihood

defined as [53]:

χ2
dist = −2

∑

i, j

ln
P (Nobs

ij ; N exp
ij )

P (Nobs
ij ; Nobs

ij )

= 2
∑

i, j

(

N exp
ij − Nobs

ij + Nobs
ij × ln

Nobs
ij

N exp
ij

)

(6)

where P (n, ν) = νne−ν/n! is the Poisson probability of
finding n events with a expectation value ν, Nobs

ij and
N exp

ij are the observed and expected number of events

in the i-th Q2 bin in subsample j (j =one track, µ + p,
µ + π with high and low vertex activity), respectively.
The expected number of events for each sample is given
by:

N exp
i, 1trk = Rnorm

·
[

nQE
i,1trk + Rresn

res
i,1trk + Rothern

other
i,1trk

]

(7)

N exp
i, µp = Rnorm · R2trk/1trk · Rp/π

·
[

nQE
i,µp + Rresn

res
i,µp + Rothern

other
i,µp

]

(8)

N exp
i, µπH = Rnorm · R2trk/1trk

·
[

nQE
i,µπH + Rresn

res
i,µπH + Rothern

other
i,µπH

]

(9)

N exp
i, µπL = Rnorm · R2trk/1trk · Ract

·
[

nQE
i,µπL + Rresn

res
i,µπL + Rothern

other
i,µπL

]

(10)

where nQE
i, j, nres

i, j , nother
i, j are the number of charged cur-

rent quasi-elastic, charged current resonant pion, and
other events in each bin in each subsample, respectively.
Rpscale and κ do not appear explicitly in these equa-
tions, but Rpscale causes migration between Q2 bins and

κ changes nQE
i, j .• RWS: scaling factor for Wrong-Sign (WS) events

nmode
i,sample ≡

(
nν̄−mode

i,sample + RWS · nν−mode
i,sample

)

new

new

χ2 = χ2
dist + χ2

sys
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The term χ2
sys, added to constrain systematic parame-

ters, is calculated as:

χ2
sys = (Psys − P0)V −1(Psys − P0) (11)

where Psys represents the set of systematic parameters
and P0 is the set of parameter values before fitting, ex-
pressed as:

Psys =







Rres

R2trk/1trk

Rp/π

Rpscale






, P0 =







1
1
1
1






. (12)

V is a covariance matrix estimated by considering the
possible variations due to systematic uncertainties in the
detector responses, nuclear effects, neutrino interaction
models, and neutrino beam spectrum. We prepare sev-
eral MC event sets by changing each underlying physics
parameter, i.e. the source of systematic uncertainty, by
±1σ. The covariance between two systematic parameters
pi and pj is calculated as:

Vij ≡ cov[pi, pj ] =
∑

source

∆pi∆pj |+ + ∆pi∆pj |−
2

(13)

where ∆pi∆pj |+(−) is the product of variations of two
parameters when the underlying physics parameter is in-
creased (decreased) by the size of its uncertainty. The
covariance matrix is estimated to be:

V =







(0.20)2 −(0.09)2 +(0.10)2 0
−(0.09)2 (0.09)2 −(0.07)2 0
+(0.10)2 −(0.07)2 (0.15)2 0

0 0 0 (0.02)2






. (14)

Rnorm, Rother, Ract, and κ are unconstrained in the fit.
Events with Q2

rec < 0.10 (GeV/c)2 in the µ + π sam-
ple with low activity are not included in the fit to avoid
charged current coherent pion signal events. A data ex-
cess is observed in the region with Q2

rec < 0.15 (GeV/c)2

in the µ+p sample. Further investigation reveals that the
second track in the excess events is emitted at a relatively
large angle with respect to the beam direction and has
large dE/dx, thus the events have an additional large
energy deposition at the vertex. Each of these events
seems to have a muon and a proton with additional ac-
tivity, and therefore the excess is not expected to affect
the charged current coherent pion analysis. A possible
candidate for the excess is charged current resonant pion
production where the pion is absorbed in the nucleus. In
such an event, two or more additional nucleons should
be emitted after the pion is absorbed, which is currently
not simulated. The excess cannot be explained with the
introduced fitting parameters, and therefore the region is
not used in the fit.

Fig. 10 shows reconstructed Q2 after the fitting for
the one track, µ + p, and µ + π events with and with-
out vertex activity. The best fit values and errors of the
fit parameters are summarized in Table II. These same

fit parameters are also applied to the MRD penetrating
sample. The χ2/d.o.f before the fit is 473/75 = 6.31.
The χ2/d.o.f after the fit is 117/67 = 1.75. Even after
fitting, the reduced χ2 is relatively large, which indicates
that the introduced parameters are not sufficient in fully
reproducing the data. To take into account the incom-
pleteness of our simulation, we enlarge the errors on the
fitting parameters by a factor of

√

χ2/d.o.f.

TABLE II: Best fit values and errors of the fitting parameters

Parameter Value Error
Rnorm 1.103 0.029
R2trk/1trk 0.865 0.035
Rp/π 0.899 0.038
Ract 0.983 0.055
Rpscale 1.033 0.002
Rres 1.211 0.133
Rother 1.270 0.148
κ 1.019 0.004

F. Charged Current Coherent Pion Event Selection

Charged current coherent pion candidates are ex-
tracted from both the MRD stopped and MRD pene-
trated samples with the same selection criteria. In this
section, we describe the event selection for the MRD
stopped sample. The event selection for the MRD pene-
trated sample is summarized later.

After selecting µ + π events which do not have ver-
tex activity, the sample still contains charged current
quasi-elastic events in which a proton is misidentified
as a minimum ionizing track. We reduce this charged
current quasi-elastic background by making use of kine-
matic information in the event. Since the charged cur-
rent quasi-elastic interaction is a two-body interaction,
one can predict the proton direction from the measured
muon momentum pµ and muon angle θµ;

&pp = (−pµx,−pµy, E
rec
ν − pµ cos θµ) (15)

where pµx and pµy are the projected muon momentum
in the x and y dimension, respectively. Erec

ν is the recon-
structed neutrino energy given by Equation 4. For each
two-track event, we define an angle called ∆θp as the
angle between the expected proton track direction given
by Equation 15 and the observed second track direction.
Fig. 11 shows the ∆θp distribution for µ+π events in the
MRD stopped sample. Events with ∆θp larger than 20
degrees are selected. With this selection, 48% of charged
current quasi-elastic events in the µ + π sample are re-
jected, while 91% of charged current coherent pion events
pass the cut according to the MC simulation.

Further selections are applied in order to separate
charged current coherent pion events from charged cur-

χ2
dist = 2

∑

i,j

(
N exp

ij −Nobs
ij × ln

Nobs
ij

N exp
ij

)
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Fit results
Param Value Error

Rnorm 1.062 0.029

R2trk/1trk 1.038 0.044

Rpπ 0.901 0.057

Ract 1.038 0.104

Rpscale 1.022 0.002

Rres 1.11 0.099

Rother 1.023 0.096

Kappa 1.001 0.002

RWS 0.948 0.057

After: χ2/ndf = 83/66=1.25

Before: χ2/ndf = 162/75=2.16
29
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Fit results
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CC coh-π sample
Sat Sep 11 05:23:55 2010
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Signal region ≡ Q2 < 0.1 (GeV/c)2

Nobs = 139
Nbkg = 96.4 ± 5.5

In signal region:

Q2 (GeV/c)2

CC coh-π sample ≡ 
MRD-stop, 2-trk, μ+π, w/o 
vtx activity, non-QE, fwd-π

• The results corresponds to 
~1/4 of R&S model
• Based on number of 

events in Q2<0.1
• Nobs-Nbkg= 42.6
• Ncoh(ν+ν̅) = 176.4 

(NEUT, R&S)
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• R: cross section ratio σ(CC coh-π ) / σ(CC)
• Nobs ≡ # of observed events in CC coh-π sample (Q2<0.1)
• Nbkg ≡ # of expected Bkg events in CC coh-π sample (Q2<0.1)
• NMRD ≡ # of observed MRD-match events
• ecoh ≡ CC coh-π selection efficiency
• ecc ≡ CC selection efficiency
• pcc ≡ CC purity

32

#(CC coh-π) = Nobs - Nbkg
ecoh

#(CC) = NMRD x pcc
ecc

Nobs - Nbkg
NMRD

ecc
ecoh x pcc

≡ xR

Cross section ratio
~general formalism~
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Cross section ratio

“ r ” is a ratio of ν̅ and ν fluxes in ν̅ mode beam:

Nobs - Nbkg
NMRD

ecc
ecoh x pcc

x

σ(ν̅ CC coh-π) + r⋅σ(ν CC coh-π)
σ(ν̅ CC) + r⋅σ(ν CC)

≡

=

R

However ν̅ mode beam has ν (Wong-Sign) contamination.
Data include both ν and ν̅ contributions, and the formula of
R becomes complicated.

For example:
Nbkg  = Nν ̅bkg + Nνbkg,     NMRD = Nν ̅MRD + NνMRD

The cross section ratio R, we derive from data, will be formed like:

r ≡ ∫Φ(ν) dE /  ∫Φ(ν̅) dE = 0.19
33
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Cross section ratio

• Cross section ratio with full systematic error
• Mean neutrino energy: 1.0 GeV

= ( 1.13 ± 0.34(stat) (sys) ) x 10-2+0.31
- 0.36

• Cross section ratio ~2σ away from zero.

σ(ν̅ CC coh-π) + r⋅σ(ν CC coh-π)
σ(ν̅ CC) + r⋅σ(ν CC) Preliminary

σ(ν CC coh-π)
σ(ν CC) = ( 0.16 ± 0.17(stat) (sys) ) x 10-2+0.30

- 0.27

cf. ν mode CC coh-π result (MRD-stop sample,〈Eν〉= 1.1 GeV)
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“non-zero” CC coh-π 
signature

• Muon and pion angles
• Coh-π sample ≡ w/o vtx activity
• Counter sample ≡ w/ vtx activity

Tue Mar  1 07:02:37 2011

Entries  234

0 0.2 0.4 0.6 0.8 1
0

10

20

30

40

50

60

70

80
Entries  234

, nQE, fwd, no-edep)!+! (MRD stop 
2nd
"cos

0 0.2 0.4 0.6 0.8 1
0

10

20

30

40

50

60

70

80
Entries  234 Entries  231

0 0.2 0.4 0.6 0.8 1
0

5

10

15

20

25

30

35

40

Entries  231

, nQE, fwd, w/ edep)!+! (MRD stop 
2nd
"cos

0 0.2 0.4 0.6 0.8 1
0

5

10

15

20

25

30

35

40

Entries  231 Entries  105

0 0.2 0.4 0.6 0.8 1
0

5

10

15

20

25

30

Entries  105

, nQE, fwd)!+! (MRD penet 
2nd
"cos

0 0.2 0.4 0.6 0.8 1
0

5

10

15

20

25

30

Entries  105

0 0.2 0.4 0.6 0.8 1

D
A

T
A

/M
C

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

2

0 0.2 0.4 0.6 0.8 1

D
A

T
A

/M
C

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

2

0 0.2 0.4 0.6 0.8 1

D
A

T
A

/M
C

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

2

Tue Mar  1 07:02:37 2011

Entries  234

0 0.2 0.4 0.6 0.8 1
0

10

20

30

40

50

60

70

80
Entries  234

, nQE, fwd, no-edep)!+! (MRD stop 
2nd
"cos

0 0.2 0.4 0.6 0.8 1
0

10

20

30

40

50

60

70

80
Entries  234 Entries  231

0 0.2 0.4 0.6 0.8 1
0

5

10

15

20

25

30

35

40

Entries  231

, nQE, fwd, w/ edep)!+! (MRD stop 
2nd
"cos

0 0.2 0.4 0.6 0.8 1
0

5

10

15

20

25

30

35

40

Entries  231 Entries  105

0 0.2 0.4 0.6 0.8 1
0

5

10

15

20

25

30

Entries  105

, nQE, fwd)!+! (MRD penet 
2nd
"cos

0 0.2 0.4 0.6 0.8 1
0

5

10

15

20

25

30

Entries  105

0 0.2 0.4 0.6 0.8 1

D
A

T
A

/M
C

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

2

0 0.2 0.4 0.6 0.8 1

D
A

T
A

/M
C

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

2

0 0.2 0.4 0.6 0.8 1

D
A

T
A

/M
C

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

2

Tue Mar  1 07:02:32 2011

Entries  231

 (GeV/c)!P

0 0.2 0.4 0.6 0.8 1 1.2 1.4
0

5

10

15

20

25

30

35

40

45
Entries  231

 nonQE, fwd, w/ activity)!+! (2track !P

0 0.2 0.4 0.6 0.8 1 1.2 1.4
0

5

10

15

20

25

30

35

40

45
Entries  231 Entries  231

 (degree)!"

0 10 20 30 40 50 60 70 80 90
0

5

10

15

20

25

30

35

40

Entries  231

 nonQE, fwd, w/ activity)!+! (2track 
!
"

0 10 20 30 40 50 60 70 80 90
0

5

10

15

20

25

30

35

40

Entries  231 Entries  231

 (GeV)
rec.
#E

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2
0

5

10

15

20

25

30

35

40

Entries  231

 nonQE, fwd, w/ activity)!+! (2track #E

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2
0

5

10

15

20

25

30

35

40

Entries  231 Entries  231

2 (GeV/c)
rec.

2Q
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

0

10

20

30

40

50

60

70

80

Entries  231

 nonQE, fwd,  w/ activity)!+! (2track 2Q

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
0

10

20

30

40

50

60

70

80

Entries  231 Entries  231

!"cos

0.4 0.5 0.6 0.7 0.8 0.9 1
0

10

20

30

40

50

Entries  231

 nonQE, fwd, w/ activity)!+! (2track 
!
"cos

0.4 0.5 0.6 0.7 0.8 0.9 1
0

10

20

30

40

50

Entries  231

 (GeV/c)!P

0 0.2 0.4 0.6 0.8 1 1.2 1.4

D
A

T
A

/M
C

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

2

 (degree)!"

0 10 20 30 40 50 60 70 80 90

D
A

T
A

/M
C

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

2

 (GeV)
rec.
#E

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2

D
A

T
A

/M
C

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

2

2 (GeV/c)
rec.

2Q
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

D
A

T
A

/M
C

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

2

!"cos

0.4 0.5 0.6 0.7 0.8 0.9 1

D
A

T
A

/M
C

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

2

Tue Mar  1 07:02:33 2011

Entries  234

 (GeV/c)!P

0 0.2 0.4 0.6 0.8 1 1.2 1.4
0

10

20

30

40

50

60

Entries  234

, fwd, nQE nuCOMBO)!+! (MRD stop 2trk, 
!

P

0 0.2 0.4 0.6 0.8 1 1.2 1.4
0

10

20

30

40

50

60

Entries  234 Entries  234

 (degree)!"

0 10 20 30 40 50 60 70 80 90
0

10

20

30

40

50

60

70

80

90
Entries  234

, fwd, nQE, nuCOMBO)!+! (MRD penet 2trk, 
!
"

0 10 20 30 40 50 60 70 80 90
0

10

20

30

40

50

60

70

80

90
Entries  234 Entries  234

 (GeV)
rec.
#E

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2
0

10

20

30

40

50

60

Entries  234

, fwd, nQE, nuCOMBO)!+! (MRD penet 2trk, 
#

E

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2
0

10

20

30

40

50

60

Entries  234 Entries  234

2 (GeV/c)
rec.

2Q
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5

0

20

40

60

80

100
Entries  234

, fwd, nQE, nuCOMBO)!+! (MRD penet 2trk, 2Q

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5
0

20

40

60

80

100
Entries  234 Entries  234

!"cos

0.4 0.5 0.6 0.7 0.8 0.9 1
0

20

40

60

80

100

120
Entries  234

, fwd, nQE nuCOMBO)!+! (MRD stopt 
!
"cos

0.4 0.5 0.6 0.7 0.8 0.9 1
0

20

40

60

80

100

120
Entries  234

 (GeV/c)!P

0 0.2 0.4 0.6 0.8 1 1.2 1.4

D
A

T
A

/M
C

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

2

 (degree)!"

0 10 20 30 40 50 60 70 80 90

D
A

T
A

/M
C

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

2

 (GeV)
rec.
#E

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2

D
A

T
A

/M
C

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

2

2 (GeV/c)
rec.

2Q
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5

D
A

T
A

/M
C

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

2

!"cos

0.4 0.5 0.6 0.7 0.8 0.9 1

D
A

T
A

/M
C

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

2

cosθπ cosθπcosθμ cosθμ

coh-π sample counter sample coh-π sample counter sample

Data “excess” w.r.t. Bkg prediction concentrate in 
small angular region (forward region).
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CC π0 production

Preliminary results
Tuesday, March 8, 2011



CC π0 production

• Signal:
• CC-π0 production
ν+C→µ+π0+X

• Background:
• ex. CC/NC events that produce 
π0s in detector (outside the target 
nucleon)

ν

μ

π0

γ 

e+e-

e+e-

γ 

 One muon + Two “shower-like” tracks (from π0)

37

• CC-π0 ≡ CC int. in which one π0 in the final state
      (ex. one π0 + one or more charged π events are also signal)

ν

μ/ν 

π0

X

p/π+

CC π0 production: only incoherent-π contributions, 
Sensitive to resonant-π & multi-π/DIS
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CC π0 candidates

• Select events requiring:

• One muon track: identify 
by MRD

• Two shower-like tracks

• non-proton like

• tracks disconnected 
from event vertex
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Selected CC-π0 events

• Major background: π0 production in detector

• ➜ Bkg events have π0 vertex far away from 
neutrino vertex

!"

!"#$%&'%()*&+($&,-.-/0$0.%

12345&
67897:;<;=

12345&
6>8?@::<;=

3AB0&'%0C&$D0&+($&,-.-/0$0.%&$#&E#..0E$&$D0&/#)$0FE-."#&-)C&D0.0&3A/&
%D#G()*&+0G&,"#$%&H0+#.0&-)C&-+$0.&+($8

12345&
>I8;>96<>=

12345&
>78;:9@<>=

!"#$%&"!

!"

!"#$%&'%()*&+($&,-.-/0$0.%

12345&
67897:;<;=

12345&
6>8?@::<;=

3AB0&'%0C&$D0&+($&,-.-/0$0.%&$#&E#..0E$&$D0&/#)$0FE-."#&-)C&D0.0&3A/&
%D#G()*&+0G&,"#$%&H0+#.0&-)C&-+$0.&+($8

12345&
>I8;>96<>=

12345&
>78;:9@<>=

!"#$%&"!

: Signal
: Bkg with π0
: Bkg without π0
: External bkg

●    : DATA

π0 distance to vtx (Lπ0) π0 mass (Mπ0)

µ

e+e-

Lπ0

vtx

e+e-

π0 Lπ0 ≡ distance between ν vertex and 
reconstructed π0 vertex.

Preliminary
Preliminary

39
Tuesday, March 8, 2011



Background evaluation
• Signal and Background events has different shape in 

Mπ0 and Lπ0 2D distribution
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Bkg w/ π0

Bkg w/o π0

MC templates

Psig = 0.96 ± 0.28, B1 = 1.19 ± 0.6, B2 = 0.2 ± 0.5

Nobs = Psig⋅N(signal)+ B1⋅N(Bkg w/ π0) + B2⋅N(Bkg w/o π0) + N(external bkg)

• ➜ MC template 2D (Mπ0, Lπ0) fit to data by re-weighting
# of evts of Signal, Bkg w/ π0, Bkg w/o π0

(Note: no systematic error included in the fit yet)

Preliminary

Preliminary
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μ and π0 kinematics
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Muon angle
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π0 momentum
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2 γ Invariant mass

Muon momentum

Pµ

After fit
(MC absolutely normalized)

: Signal
: Bkg with π0
: Bkg without π0
: External bkg

●    : DATA

χ2 / DOF: 292.2 / 64 (before fit) → 78.8/61 (after fit)

Preliminary Preliminary

Preliminary

Preliminary

Preliminary
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CC π0 Cross section
• CC π0 absolute cross section

σ(CCπ0) = [5.6 ± 1.9(stat) ] x 10-40 cm2/nucleon

!

!"#$%&'()*+,(&#

!-(+*,$.&/*00+'1*2#$%&'()*(3&4')$5*
6#')7*.'&*+4849$&$8*(:$8*;<*00+'1*
4)4,=#'#*#'7)4,*%(9+48$5*>'&?*@AB-C

!-(+*8'7?&/*00+'1*@AB-*2#$%&'()*
%68:$#*.(8*;<*#'7)4,*5$.')'&'()*4)5*
D<*#'7)4,*5$.')'&'()C

!<(&&(9*8'7?&/*00+'1*2#$%&'()*
(3&4')$5*6#')7*.'&*+4849$&$8*(:$8*
D<*00+'1*#'7)4,*5$.')'&'()*4)5*
%(9+48$5*>'&?*D<*2#$%&'()*4)5*
@AB-*%68:$*.(8*D<*#'7)4,*5$.')'&'()C

!

!"#$%&'()*'"%+,)%"-('.$%#-$&(')/012

!!
"#$"

%&

!#%'
!#%(

!$!%'!(

! %%'#! ($&&(&"#$%'!( ((

3))4('.$5'$))))6787)))))986
:))0;<)))))))))))::=))))))6>8?
7))@&+A5))))))))3?386)))7:86

&() &*$ &+ %$ &+ !BC"%"

@&+'5DEFG+

@&+'5D)('D,

!

!"#$%&'()*'"%+,)%"-('.$%#-$&(')/012

!!
"#$"

%&

!#%'
!#%(

!$!%'!(

! %%'#! ($&&(&"#$%'!( ((

3))4('.$5'$))))6787)))))986
:))0;<)))))))))))::=))))))6>8?
7))@&+A5))))))))3?386)))7:86

&() &*$ &+ %$ &+ !BC"%"

@&+'5DEFG+

@&+'5D)('D,

Eν reconstruction
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σ(CCπ0): Data vs. MC

Preliminary
Preliminary

〈Eν〉=  893.3 +636.4
 -303.3 MeV
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Summary
• ν CC coh-π: Phys.Rev.D78, 112004 (2008)

• No evidence of CC coh-π 

• ν NC-π0: Phys.Rev.D81, 033004 (2010)

• Cross section and π0 kinematics, MC agree with data

• ν NC coh-π0: Phys.Rev.D81, 111102 (2011)

• Clear evidence of coh-π, R-S model agrees with data

• ν ̄CC coh-π: preliminary results

• Cross section ratio ~2σ away from zero

• Data hint that non-zero CC coh-π events in very 
forward region (than R-S model)

• ν CC-π0: preliminary results

• Absolute cross section, working on syst. uncertainties 43
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ν ̅and ν samples

45

ν (wrong sign) ~30%
background in MRD 
stopped sample
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ν (wrong sign)
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Sat Sep 11 05:23:55 2010

2 (GeV/c)2Q
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.50

20

40

60

80

100

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.50

20

40

60

80

100

Number of events
in coherent-π sample

• !
46

Signal region ≡ Q2 < 0.1 (GeV/c)2

Nobs = 139
Nbkg = 96.4 ± 5.5

In signal region:

Q2 (GeV/c)2

After fit

: ν̅ CC QE

: ν̅+ν CC coherent π
: ν̅ CC resonant 
: ν̅ Other (DIS, EC/MRD, NC̅)

: Wrong-Sign

Sat Sep 11 05:23:55 2010
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Q2 distribution:

CC coherent-! sample

• # of events (MC prediction)
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μ distribution: 1-trk sample
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μ distribution: μ+p sample
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μ distribution: μ+π w/ 
vertex activity

49

Sat Sep 11 06:34:37 2010

Entries  350

 (GeV/c)µP
0 0.2 0.4 0.6 0.8 1 1.2 1.40

10

20

30

40

50

60

Entries  350

 w/ vtx-edep)!+µ (MRD stop 2trk, µP

0 0.2 0.4 0.6 0.8 1 1.2 1.40

10

20

30

40

50

60

Entries  350 Entries  350

 (degree)µ"
0 10 20 30 40 50 60 70 80 900

10

20

30

40

50

60 Entries  350

 w/ vtx-edep)!+µ (MRD stop 2trk, 
µ
"

0 10 20 30 40 50 60 70 80 900

10

20

30

40

50

60 Entries  350 Entries  350

 (GeV)
rec.
#E

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 20

10

20

30

40

50

Entries  350

 w/ vtx-edep)!+µ (MRD stop 2trk, #E

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 20

10

20

30

40

50

Entries  350 Entries  350

2 (GeV/c)
rec.
2Q

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 10

20

40

60

80

100

120

Entries  350

 w/ vtx-edep)!+µ (MRD stop 2trk, 2Q

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 10

20

40

60

80

100

120

Entries  350

 (GeV/c)µP
0 0.2 0.4 0.6 0.8 1 1.2 1.4

D
AT

A/
M

C

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

2

 (degree)µ"
0 10 20 30 40 50 60 70 80 90

D
AT

A/
M

C

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

2

 (GeV)
rec.
#E

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2

D
AT

A/
M

C

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

2

2 (GeV/c)
rec.
2Q

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

D
AT

A/
M

C

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

2

Pμ θμ Eν Q2After fit
Preliminary

Preliminary
Preliminary

Preliminary

Tuesday, March 8, 2011



μ distribution: μ+π w/o 
vertex activity
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μ distribution: coh-π sample
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coh-π sample ≡ MRD-stop, 2-trk, μ+π, w/o vtx activity 
non-QE, fwd-π
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